Although convective clouds are known to generate internal gravity waves, the mechanisms responsible are not well understood. The present study seeks to clarify the dynamics of wave generation using a high-resolution numerical model of deep convection over the Tiwi Islands, Australia. The numerical calculations presented explicitly resolve both the mesoscale convective cloud cluster and the gravity waves generated. As the convective clouds evolve, they excite gravity waves, which are prominent features of the model solutions in both the troposphere and stratosphere. The source location is variable in time and space but is related to the development of individual convective cells. The largest amplitude gravity waves are generated when the cloud tops reach the upper troposphere.
Introduction
Vertically propagating gravity waves are accompanied by a vertical flux of horizontal momentum, with horizontal momentum transferred to the mean flow whenever the waves are transient or experience attenuation (by dissipation, saturation, wave breaking, or absorption at a critical level). The force exerted by such waves plays an important role in shaping the mean flow in the middle atmosphere, and for this reason, nearly all general circulation models (GCMs) include, albeit crudely, parameterizations of gravity wave drag. However, most researchers have focused on orographically generated gravity waves even though waves generated by nonorographic sources are thought to contribute significantly to the total momentum budget of the atmosphere (Fritts 1993) . Such nonorographic sources include midlatitude frontal systems (e.g., Reeder and Griffiths 1996) , upper-level jets (e.g., Guest et al. 2000) , and dry boundary layer convection (e.g., Clark et al. 1986; Kuettner et al. 1987; Hauf and Clark 1989) . Deep tropical convection is another wave source and is the focus of the present paper.
It is likely that deep tropical convection is an important source of gravity waves. According to Gray (1973) , precipitating convective clusters occupy about 15%-20% of the tropics between 5Њ and 25Њ latitude, and numerous observational studies link gravity wave activity 1 to tropical convection (e.g., Larsen et al. 1982 ; Pfister et al. 1993; Sato et al. 1995; Karoly et al. 1996) . Moreover, idealized two-dimensional modeling shows that tropical squall lines are strong gravity wave radiators (Fovell et al. 1992; Alexander et al. 1995; Alexander and Holton 1997) . Among other things, gravity waves generated by deep tropical convection are thought to be important in driving the quasi-biennial oscillation (e.g., Dunkerton 1997) .
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As well as contributing to the drag in the middle atmosphere, convectively generated gravity waves modify the region around the convective cloud, communicating the effect of latent heating within the cloud to the environment (e.g., Bretherton and Smolarkiewicz 1989; Mapes 1993; Shutts and Gray 1994) . Mapes (1993) showed that a heating profile typical of a mesoscale convective system generates gravity waves that displace low-level parcels upward. He argued that these displacements reduce the convective inhibition (CIN), thereby increasing the possibility of further convection. In this way, convectively generated gravity waves may be important in organizing convection and initiating new cells (e.g., Lin et al. 1998) .
Although the gravity waves generated by convective clouds are thought to be important, it is not possible to observe the wave field in sufficient detail in both time and space to determine how much these waves contribute to the global momentum budget. Current observational techniques make simplifying assumptions about the wave field and hence introduce uncertainty in the deduced wave parameters, especially the momentum flux. Furthermore, convective systems are complicated, and it is difficult to accurately observe their evolution and internal structures. At present, explicit cloud-scale modeling is the only way to describe the cloud and wave field in sufficient detail to explore the dynamics of the wave source and quantify the drag exerted by the waves on the middle atmosphere.
The approach adopted in the present study is to simulate deep tropical convection using a high resolution three-dimensional numerical model and to use the numerical solution to investigate the generation of gravity waves by the convection. The calculations presented are initialized using an idealized sounding motivated by the conditions observed during the recent Maritime Continent Thunderstorm Experiment (MCTEX), and follow the evolution of a convective cloud cluster over the Tiwi Islands just north of Darwin, Australia. The convection is initiated by sea-breeze convergence, and the numerical model explicitly resolves the process by which the waves are generated.
MCTEX was an international field experiment held during November and December 1995 focusing on the deep multicellular thunderstorms that form regularly over Bathurst and Melville Islands, which together comprise the Tiwi Islands [see Keenan et al. (1994) for details on MCTEX]. These thunderstorms are known locally as ''Hectors,'' and they develop during the months leading up to the summer monsoon and during monsoon breaks; a climatology of these storms and a description of their evolution is presented by Keenan et al. (1990) [see also the numerical modeling study by Golding (1993) and Crook (1997) and the recent review by Reeder and Smith (1998) ]. Convection generally develops in the early afternoon along a line of sea-breeze convergence. Thereafter, the convection is initiated and controlled by the evaporatively driven cold pools. Later on, individual storms merge and may form squall-like structures that move off the islands. Keenan et al. (1994) found that the vertical velocity and radar structure have more similarity to continental convection than to oceanic convection. In particular, maximum updraft velocities are nearly an order of magnitude larger than those typical of oceanic convection. The environment in which the storms develop typically has moderate convective available potential energy (CAPE) (approximately 1500 J kg Ϫ1 ), low to moderate shear (ranging from 0.25 to 2.5 ϫ 10 Ϫ3 s Ϫ1 ), and high low-level moisture (approximately 20 g kg Ϫ1 ) (Keenan et al. 1990) . A detailed understanding of how convective clouds generate gravity waves is a prerequisite to parameterizing their effects in GCMs. At present, there are at least three different hypotheses in the literature. Perhaps the most common hypothesis is that gravity waves are forced by temporal variations in the diabatic heating within the cloud (e.g., Salby and Garcia 1987; Bretherton 1988; Lin et al. 1998; Pandya and Alexander 1999) . This idea forms the basis of a gravity wave parameterization developed recently by Chun and Baik (1998) . A second possibility is the so-called obstacle effect. It is argued that if the cloud updraft develops in shear, as is usually the case, then the cloud will partially block the flow, producing a cloud-relative flow across the top of the cloud (e.g., Clark et al. 1986; Hauf and Clark 1989) . With this idea in mind, it is sometimes said that clouds behave like moving mountains (e.g., Pfister et al. 1993) . A third hypothesis, first proposed by Pierce and Coroniti (1966) , was explored by Fovell et al. (1992) . These authors argued that when individual updrafts within a convective system strike the tropopause, they decelerate quickly, subsequently oscillating about their level of neutral buoyancy. Fovell et al. described the individual clouds as mechanical oscillators.
The central aim of the present study is to clarify how convective clouds generate gravity waves. The present paper presents an analysis of the wave source. Evaluation of these source terms shows that the dominant terms are related to the idea of a mechanical oscillator of Fovell et al. (1992) . The nonlinear analysis developed here is motivated by Lighthill's theory for the generation of sound (Lighthill 1952 (Lighthill , 1954 . In his theory, Lighthill treated sound waves as linear disturbances forced by (nonlinear) unstratified turbulent motion and introduced a radiation tensor to characterize the wave source. We show that a similar radiation tensor can be formulated, which describes the source of linear motions forced by convective clouds, including the generation of gravity
waves. The ideas behind Lighthill's radiation tensor have been adapted previously in a number of problems dealing with the generation of gravity waves by internal circulations. For example, Stein (1967) used a similar approach to investigate the generation of gravity waves in an isothermal (solar) atmosphere, and Ford (1994) recently applied the method to the emission of inertiagravity waves by vortical flows in a rotating shallow water system. Reeder and Griffiths (1996) adapted Lighthill's approach to study the generation of gravity waves by fronts and jets.
All previous numerical studies on gravity wave generation by deep tropical convection modeled intense two-dimensional squall lines (Fovell et al. 1992 , Alexander et al. 1995 Alexander and Holton 1997) . Such systems are highly organized and appear to be strong gravity wave radiators. The present paper explores the generation of gravity waves in three-dimensional cloud systems, such as those that develop over the Tiwi Islands. Such systems are only weakly organized when compared with squall lines, but they are much more common in the Tropics. The convective clouds modeled here are, in essence, highly transient point gravity wave sources, whereas the squall lines modeled previously are long-lived line sources.
The paper is organized as follows. Section 2 briefly summarizes the numerical model used and outlines the numerical experiments considered. Section 3 discusses the evolution of the convective system and the structure of the gravity waves generated. The vertical flux of horizontal momentum in the stratosphere is calculated, and the structure and evolution of a particular convective cell is examined in detail. In section 4, a forced, linear wave equation is formulated, and a source tensor is introduced. The modeled convection is analyzed in terms of wave forcing, and the dynamics of wave generation are clarified. In section 5, the wave response in the stratosphere is shown to be consistent with the forcing mechanisms identified in section 4. Finally, our conclusions are summarized in section 6.
The numerical model a. Model description
The numerical model used was originally developed by Clark (1977) . In brief, the model is three-dimensional, nonhydrostatic, and anelastic. It is formulated in terms of terrain following height coordinates, and the finite difference approximations are second order in both space and time. The model includes parameterizations of the boundary layer physics, warm rain processes, ice microphysics (Koenig and Murray 1976) , and subgrid scale turbulence (Lilly 1962; Smagorinsky 1963) . For simplicity, the calculations presented here assume an f -plane approximation and neglect internal absorption and scattering of solar radiation. Over land, the calculations assume that the Bowen ratio is 1 and the albedo is 0.2.
An important feature of the numerical model is its capacity for two-way interactive grid nesting [see Clark and Farley (1984) for details]. Numerical solutions calculated on lower-resolution ''coarse'' grids are interpolated to higher-resolution ''fine'' grids using quadratic or cubic polynomials, depending on the variable being interpolated. These interpolated fields provide initial and boundary conditions for the higher-resolution domains. To complete the two-way interaction, the fine grid numerical solutions are averaged onto the coarse grid during the numerical integration. The averaging is defined in such a way as to conserve mass. Accordingly, the coarse grid solutions are affected by the fine grid solutions. Moreover, grid refinement and grid stretching are used in the vertical direction [see Clark and Hall (1996) for details].
All numerical experiments described are initialized with a single thermodynamic sounding taken at 0400 Local Standard Time (LST) 27 November 1995 during MCTEX (LST ϭ UTC ϩ 9.5 h). The radiosonde sounding on this day reached a height of 24 km. Above this height, isothermal and dry initial conditions are assumed. Figures 1a and 1b show the initial profiles of water vapor mixing ratio and potential temperature. The tropopause is located at a height of 16 km, and the moisture profile is conditionally unstable. Due to the high surface moisture, the lifting condensation level (LCL) is only 700 m above the surface. The level of free convection (LFC) ranges from 1.5 to 3.0 km, depending on the origin of the lifted parcel; likewise the level of neutral buoyancy (LNB) ranges from 10 to 14 km.
The intent of the study is not to simulate the details of the convection observed on 27 November but instead, to use this case to investigate how deep tropical convection excites gravity waves. With this in mind, an idealized wind profile was chosen for the present study. The wind profile retains the basic features of the observations, but its idealized form simplifies the analysis by reducing the number of active source terms, hence clarifying the source mechanism of the waves (see sections 4 and 5). Such an idealization allows the modeled stratospheric waves to be related unambiguously to certain properties of the wind profile. The initial wind profile is easterly at all heights and is shown in Fig. 1c . Above the boundary layer, the flow is 5 m s Ϫ1 throughout most of the troposphere. Just below the tropopause, the flow increases linearly through a 3-km deep layer to 10 m s Ϫ1 in the stratosphere. The main difference between the idealized wind profile and that taken during MCTEX is that the observed profile has a low-level easterly jet. This jet probably plays an important part in organizing the convection and determining the way in which the convective line propagates. These effects are neglected here.
Numerical cloud models commonly include a local- ized low-level buoyancy perturbation (often called a warm bubble) as part of the initial conditions. The warm bubble subsequently rises and initiates convection. However, the present study is concerned principally with the waves generated by deep convection, and therefore, it is critical not to introduce unrealistic gravity waves in the initial conditions. The gravity waves generated in the model must be unequivocally due to the clouds and not to an artifact of the initialization. For this reason, we chose to initiate the convection by explicitly modeling the island sea breeze similar to that observed during MCTEX, where deep convection develops once the circulation becomes strong enough to overcome the lowlevel CIN.
b. Experimental design
This paper describes the results of three numerical experiments. The primary difference between the experiments is the resolution and size of the model domains.
Experiment E1 is the lowest resolution experiment considered here. It is designed to test the sensitivity of the modeled clouds, and the waves they generate, to changes in spatial resolution. Furthermore, the reduced computational cost of E1 allows the momentum flux to be calculated over a longer time interval than is possible with the other higher-resolution numerical experiments. Experiment E1 uses only one domain (Domain 1) surrounding the Tiwi Islands and is centered at (11.55ЊS, 130.56ЊE). Figure 2 shows the size and extent of the model domains relative to the Tiwi Islands. For simplicity, all surrounding topography not directly associated with the Tiwi Islands has been neglected. Domain 1 has 2-km horizontal resolution and extends vertically to 50 km. The vertical grid is stretched so that the grid spacing varies from 50 m at the surface to 800 m in the stratosphere (Fig. 3) . The uppermost 10 km of the vertical grid includes a Rayleigh-friction sponge to absorb vertically propagating disturbances without reflection. The vertical grid is designed to resolve three important components of the flow field: the boundary layer convergence, the convective mixing in the troposphere, and the gravity waves in the stratosphere. Experiment E1 is initialized at 0700 LST and is integrated for 15 h until 2200 LST.
Experiment E2 is designed to resolve both the convective clouds and excited gravity waves. In this experiment, a second domain (Domain 2) is nested within Domain 1 (see Fig. 2 ), and the two domains interact in the way described earlier in section 2a. Domain 2 uses 1-km horizontal resolution with a vertical grid that extends to 19 km (see Fig. 3 ). Although both horizontal and vertical resolution remain unchanged in the upper stratosphere, the convective clouds, which are the source of the gravity waves, are better-resolved in E2 than in E1. This experiment begins at 1100 LST, taking its initial conditions from experiment E1, and is integrated until 1330 LST. Experiment E3 uses three interactive grids to focus on one particular convective cell identified in E2. The purpose of E3 is to examine in detail how the cloud generates gravity waves. In this experiment, a third domain (Domain 3), with horizontal resolution of 0.5 km, is nested within Domain 2 (see Fig. 2 ) taking its initial conditions from E2 at 1230 LST. Experiment E3 is integrated until 1330 LST. The vertical grid remains the same as Domain 2 of E2. Domain 2 is, in turn, nested within Domain 1.
Numerical experiments
After the initialization of experiment E1, the islands are slowly heated, and a sea-breeze circulation develops.
The dominant circulation appears as two zonally oriented convergence lines, which propagate inland in opposing directions from the northern and southern coastlines. By 1100 LST, the two convergence lines have penetrated inland approximately 20 km in the meridional direction, and at this time, the maximum meridional wind speed near the surface is approximately 5 m s Ϫ1 . The depth of the sea breeze is approximately 0.5 km, with weaker return flow aloft. The distance between the leading edges of the two sea breezes is approximately 15-20 km. Prior to collision of the sea breezes (approximately 1200 LST), the convergence causes sufficient vertical displacement of parcels to overcome the CIN, and the convection deepens rapidly.
a. Evolution of the convective clouds
Most of the modeled convection forms over the Tiwi Islands. Accordingly, our analysis of the convection focuses on experiment E2, which has an intermediate resolution domain covering the islands (Fig. 2) . Prior to the initialization of experiment E2 at 1100 LST, shallow boundary layer convection is scattered over the islands, and the convection remains relatively shallow until about 1200 LST. After this time, the convection develops rapidly, and by 1300 LST, it reaches its maximum intensity. Thereafter, the convection decays while being advected by the easterly background flow. Figure 4 shows the total cloud water (liquid water plus ice) in a horizontal cross section 10 km above mean sea level and depicts the temporal variation in the spatial position of deep convective cells. Note that those cells through which the cross section passes have nearly reached their LNB. At 1200 LST, a number of deep cells are located over the western half of the islands. Half an hour later, some of these cells arrange themselves in a north-south line, and by 1300 LST, the cells merge to form a convective line approximately 40 km long. The convective line continues to move westward, with a large cell developing at its northern end. In addition to the convective line, there are a number of other deep cells scattered across the islands.
A zonal cross section through y ϭ 100 km illustrates the vertical structure of the convection and, in particular, the large cell at the northern end of the convective line ( Fig. 5) . At 1200 LST, the zonal cross section of vertical velocity and total moisture (water vapor, cloud water, and ice) shows a number of cumulus cells over the islands (Figs. 5a and 5b). These cells have cloud bases around 4 km and cloud tops between 9 and 12 km. Their updraft velocities are relatively small, and the cells are scattered with little organization.
By 1300 LST, there are a number of convective cells over the islands in various stages of development (Figs. 5c and 5d) . A very deep cell is evident at approximately (x, y) ϭ (100, 100) km. This is the large cell at the northern end of the convective line ( Fig. 4c ), which will be examined in detail in section 3c. It is rapidly developing and has strong updrafts with vertical velocities on the order of 20-30 m s Ϫ1 . There are also two smaller cells upstream of the large cell. The updraft velocities in these two cells are less than 1 m s Ϫ1 , and they do not appear to be developing further. All cells in Figs. 5c and 5d are separated by approximately 35 km, and for this cross section, they are located at approximately x ϭ 100, 135, 170 km, with another growing cell evident in the boundary layer at x ϭ 205 km. It is unclear whether this spacing is caused by resonance between the clouds and the generated gravity waves (cf. Clark et al. 1986 ) or whether it is simply the natural scale set by the convection alone. 
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b. Sensitivity to spatial resolution
The sensitivity of the modeled convection to changes in the resolution can be determined by comparing the numerical solutions from Domain 1 of experiments E1 and E2. The numerical solutions on Domain 1 from E2 should better represent the convection due to the twoway interactive nesting of the intermediate resolution domain (Domain 2) within it. A horizontal cross section of the cloudy air in the plane z ϭ 10 km in E1 at 1300 LST ( determine the sensitivity of the convection to spatial resolution. The comparison shows that the number and position of deep convective cells is sensitive to the spatial resolution, although the size and position of the largest cells are similar. Experiment E2 better resolves the boundary layer convergence and consequently more accurately represents those processes that initiate convection. Golding (1993) concluded that 4-km horizontal grid spacing was sufficient to qualitatively resolve these convective clusters over the Tiwi Islands. A similar conclusion was reached by Weisman et al. (1997) , who suggested that 4-km horizontal grid spacing is required to resolve the mesoscale structures of squall lines. Although 4 km may be the upper limit for resolving the gross features of such convective clusters, it is not sufficient to resolve internal cloud structures such as convective updrafts, which may have spatial scales of only a few kilometers. It will be shown in section 4 that the individual updrafts play central roles in generating gravity waves and must be resolved when investigating the dynamics of the wave source.
c. Generated gravity waves
Three horizontal cross sections of the vertical velocity half an hour apart and at a height of 20 km are shown in Fig. 7 . The cross sections lie in the stratosphere well above the top of the clouds, and velocity perturbations are produced by vertically propagating gravity waves. The wave fronts are almost circular and appear to be radiating outward (and upward) from highly localized sources. At 1230 LST, there is a strong, localized wave source at approximately (x, y) ϭ (90, 75) km (Fig. 7a) . Half an hour later, another source develops at approximately (x, y) ϭ (100, 100) km (Fig. 7b) , and by 1330 LST, this source dominates the wave generation (Fig.  7c ). This source is advected downstream by the background flow, and at 1330 LST, is located at approximately (x, y) ϭ (90, 100) km. This source corresponds to the large cell at the northern end of the convective line discussed in section 3a. Throughout the integration, the wave sources remain highly localized, although their number and position are highly variable. These wave sources are strongly correlated with deep individual convective cells. Furthermore, the temporal variability suggests that clouds do not generate waves throughout their entire evolution, but instead, gravity waves are generated during a particular part of clouds' life cycles.
At a height of 20 km, the wave field is incoherent. According to linear wave theory, the vertical component of the group velocity is a function of the horizontal and vertical wavelength. Consequently, a wave packet will disperse into its constituent waves as it propagates upward. For this reason, the wave field at 40 km appears more coherent than at lower levels ( Fig. 8) . Crook et al. (1991) noted this effect for gravity waves in the lower troposphere, and Prusa et al. (1996) found that waves generated by a localized source at the tropopause were dominated by one wavelength after they had propagated vertically into the middle atmosphere. The increased coherence of the waves underscores the highly localized and variable nature of the source. The wave signature, and hence the apparent source of the waves, lags the corresponding signature at 20 km due to the time taken for the waves to propagate vertically.
Recently, Dewan et al. (1998) analyzed gravity waves in the satellite observations from the Midcourse Space Experiment. The density and temperature fluctuations, which were measured in the upper stratosphere (at approximately 40 km), showed wave fronts arranged in concentric circles centered over a large thunderstorm. These observations are remarkably similar to the cross sections shown in Fig. 8 and lend support to the numerical solutions presented here.
We consider now zonal and meridional cross sections of the vertical velocity at 1300 LST. The two cross sections intersect at (x, y) ϭ (100, 100) km (Figs. 9a and 9b). The zonal cross section (Fig. 9a) shows a wave packet centered over the group of convective cells and an upstream bias to the waves. In contrast, the gravity wave field in the meridional cross section (Fig. 9b) is approximately symmetric about the source. The amplitude of the waves is small, approximately 0.3 m s Ϫ1 , and their wavelength spectra (in the stratosphere) have peaks in the horizontal (both zonal and meridional) and vertical at approximately 17 and 5 km, respectively. These will be determined more accurately later in this section.
The zonal velocity and the buoyancy are shown in Figs. 9c and 9d. Upstream from the source, the horizontal velocity exhibits wave-like perturbations similar to those in the vertical velocity, although the wave signature in zonal velocity of the downstream propagating waves is more pronounced than the upstream propagating waves. The reason is that the phase lines of the downstream propagating waves are more horizontal. As the phase lines become more horizontal, the relative amplitude of the horizontal velocity increases and vertical velocity decreases. This is important because an analysis restricted to vertical velocity signatures may VOLUME 58 miss the downstream propagating waves. As buoyancy perturbations reflect parcel displacements, the wave signatures in the buoyancy field are in quadrature with the vertical velocity. These ideas are discussed further in section 5a.
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Power spectra of the vertical velocity for Domain 1 E2 are calculated to determine more accurately the dominant horizontal and vertical wavelengths in the stratosphere. Two-dimensional m-k (zonal) and m-l (meridional) spectra 2 are shown in Fig. 10 . These spectra are calculated using the zonal and meridional cross sections of vertical velocity shown in Fig. 9 for heights of 20 Ͻ z Ͻ 40 km. These spectra are smoothed over three adjacent wavenumber bins, squared, and then normalized. Note also that in these spectra, m Ͻ 0, which corresponds to negative vertical phase speed, and therefore k Ͼ 0 represents westerly propagating waves and k Ͻ 0 represents easterly propagating waves. Both of these spectra (Figs. 10a and 10b) have maximum power at a horizontal wavenumber of approximately 3.7 ϫ 10 Ϫ4 m Ϫ1 (wavelength of 17 km) and vertical wavenumber of approximately 1.3 ϫ 10 Ϫ3 m Ϫ1 (wavelength of approximately 5 km). The zonal spectrum is asymmetric, about k ϭ 0, due to the stratospheric flow. Upstream propagating waves have smaller wavenumbers and larger wave signatures. This is due to wave refraction and will be discussed in more detail later in the section. The meridional spectrum is approximately symmetric in terms of the location of the vertical wavenumber maximum, except the southerly propagating waves (l Ͼ 0) appear to have more power. This is probably due to the focus of the gravity waves in the upper stratosphere being south of the center of the domain, thus there are more southerly propagating waves in the domain. (Note that the position of the focus of the waves in the upper stratosphere lags the position of the source in the troposphere due to the finite vertical group velocity of the waves.)
The zonal cross section of vertical velocity (Fig. 9a ) shows that the gravity waves are refracted strongly as they propagate from the troposphere to the stratosphere. In the troposphere, the phase lines are oriented almost vertically, implying that the waves are trapped or evanescent or that the vertical wavelength is very long. One should bear in mind that in the troposphere, it is difficult, and probably not dynamically meaningful, to distinguish convective updrafts from gravity waves. In the stratosphere, the phase lines are oriented at an angle to the vertical, implying that the waves are propagating vertically. This refraction of the waves at the tropopause is due to a change in static stability and will be discussed in more detail in section 5a. The mechanism that selects the horizontal wavelength of the gravity waves is dis-cussed in section 5b. The convective cells in the troposphere appear to be separated by a distance equal to twice the dominant horizontal wavelength (approximately 17 km) in the stratosphere (Fig. 9a) , and there is a signature of this in the power spectrum (Fig. 10a) . However, as noted earlier in section 3a, it remains unclear at present what role (if any) the gravity waves play in organizing the convection. This is a topic for future research.
d. Momentum fluxes
The vertical flux of horizontal momentum (or simply momentum flux) is an important quantity when considering how gravity waves affect the large-scale circulation. The horizontally averaged (zonal) momentum flux is defined as , where is the background density; (uw) u and w are the zonal and vertical perturbations from the background flow (U(z), 0, 0), respectively; and ( ) represents a simple horizontal average. Quantifying the momentum flux due to convectively generated gravity waves is crucial for the development and verification of GCM parameterizations.
The evolution of the horizontally averaged (zonal) momentum flux for Domain 1 from experiment E1 is shown in Fig. 11 . The momentum flux is largest in the troposphere, and its evolution strongly reflects the life cycle of the convection over the island. Prior to approximately 1000 LST, the momentum flux is associated with the well-mixed boundary layer. After this time, the tropospheric momentum flux is associated mainly with transport by the convective clouds. Between approximately 1000 and 1200 LST, the convection deepens slowly, reaching a height of about 9 km. At 1200 LST, the sea-breeze convergence is sufficiently strong to overcome the CIN, and the convection deepens rapidly to the tropopause. The convection remains deep until approximately 1400 LST, after which it begins to decay. By 2200 LST, vertical mixing is confined to heights below the middle troposphere.
In the stratosphere, the momentum flux is associated principally with vertically propagating gravity waves. Early in the model run, the stratospheric momentum flux is produced by small-amplitude gravity waves generated by the sea breeze. However, after about 1200 LST, the convection deepens rapidly, and the stratospheric momentum flux increases sharply, reaching a maximum at approximately 1400 LST. The upper-stratospheric momentum flux lags that in the lower stratosphere because it takes time for the waves to reach these heights. The stratospheric momentum flux decreases during the afternoon to nearly zero by the end of the model integration at 2200 LST.
The model calculation employs open lateral boundaries, allowing waves to propagate out of the model domain without significant reflection. Some waves propagate through the lateral boundaries of the model and therefore do not contribute to the momentum flux shown VOLUME 58 in Fig. 11 . Hence, the calculated momentum flux should be considered a lower bound on the magnitude of the total momentum flux. Also, such calculations of the momentum flux are sensitive to the size of the region over which the average is taken, particularly if the wave source is not in the center of the averaging region. Figure  12 shows the meridional average of the momentum flux for Domain 1 in experiment E2 at 1300 LST. The pattern of momentum flux is highly variable in space because the individual convective clouds, which generate the waves, are highly transient. Upstream from the wave source, the momentum flux is generally positive, while downstream from the source, it is generally negative.
The dominant wave-generating cloud is not in the center of the domain at 1300 LST (Fig. 12) . Instead, the main wave source is located at approximately x ϭ 100 km. The relative contribution of the upstream and downstream propagating waves to the momentum flux can be estimated by averaging the momentum flux over two different regions. The first region is between x ϭ 0 km and x ϭ 100 km and principally comprises those waves propagating downstream from the dominant source. The second region lies between x ϭ 100 km and x ϭ 200 km and mainly includes those waves propagating upstream from the dominant source. These averages and their sum are shown in Fig. 13a . The upstream component of the momentum flux is largest, and the downstream component acts to reduce the total momentum flux only in the lower stratosphere. This is a rather crude method of separating the upstream com- ponents of the momentum flux, in particular, considering that the wave source is not a true point source but rather a cluster of sources.
The momentum flux generated by an individual cloud is estimated by taking a horizontal average for E2 in the region above Domain 3 of E3 (described in more detail in the next section). This average is calculated at 1300 LST and is shown in Fig. 13b . At this time, the convective cloud chosen is the strongest wave source in the model domain, and this strength is reflected in the large momentum flux in the lower stratosphere. Such a localized average of the momentum flux can be compared to localized observations of gravity wave momentum fluxes taken close to convective clouds (for example from aircraft or radiosondes). However, this profile has little value in terms of the momentum budget of the middle atmosphere because it does not incorporate the reduction in momentum flux due to radial propagation of the waves. As time continues, the magnitude of the momentum flux reduces as the waves disperse and radiate outward. Eventually, the pattern of momentum flux resembles one of the pulses in Fig. 12 .
Experiment E1 has been used to illustrate the temporal evolution of the momentum flux. However, as shown earlier, smaller-scale convective structures are sensitive to the numerical resolution. To determine the sensitivity of the stratospheric momentum flux to tropospheric resolution, a profile of momentum flux in the stratosphere from E1 at 1300 LST is compared to a profile at the same time from E2 (Fig. 14) . Although the two profiles have similar numerical values and similar vertical gradients, they show important differences. These differences can be explained by the slightly different positions and stages of development of the convective cells in the two experiments. For example, any change in the position of the clouds will change how much momentum is transported through the lateral boundaries by the waves, which in turn, will change the horizontally averaged momentum flux. Unfortunately, the computational cost of these large numerical calculations made it impracticable to explore resolution sensitivity further.
e. High-resolution convection and the wave-generation mechanism
In section 3c, experiment E2 was used to identify a dominant wave source at approximately (x, y) ϭ (100, 100) km. In order to better resolve the structure of this source, a higher-resolution domain surrounding this region is initialized at 1230 LST. This domain is the basis of experiment E3. However, when higher-resolution domains are initialized from lower-resolution outer domains, the modeled atmosphere takes some time to adjust. Typically, this adjustment time is on the order of the buoyancy period, 2/N, which is approximately 10 min in the troposphere. The maximum convective updraft at initialization is about 30 m s Ϫ1 , and therefore in 10 min, a parcel moving at this velocity would traverse the depth of the troposphere. Thus, by about 1240 LST, the flow has adjusted to the finer computational grid.
Zonal cross sections of vertical velocity (Figs. 15a-d ), potential temperature (Figs. 16a-d) , and total moisture (Figs. 17a-d ) depict the evolution of the large cell at the northern end of the convective line, discussed earlier in section 3a. This cell is the strongest wave-producing cloud in the model runs. At 1240 LST, there is a strong updraft at approximately x ϭ 100 km, with maximum vertical velocity of approximately 40 m s Ϫ1 (Fig 15a) . At this time, the updraft has not mixed moisture above z ϭ 12 km (Fig. 17a) . However, the cell is rapidly developing, and there is a well-defined unstable bubble of potentially warm air at the top of the cloud (Fig. 16a) . Therefore, further vertical mixing can be expected. Weak subsidence on the edges of the updraft indicates that stable air is being displaced laterally and downward around the vertically moving column of air. There is another deep cell to the east of the updraft at approximately x ϭ 110 km. This cell is in its later stages of development and will not be considered in this analysis. The updraft has overshot its LNB (Fig. 16b) at 1245 LST and has mixed air vertically to the tropopause. The updraft has penetrated the stratosphere, with cloudy air Fig. 15 except total moisture, Q, with 1 g kg Ϫ1 intervals. evident in the lowest 1 km (Fig. 17b) . To some extent, the tropopause acts like a lid, with stable air above the updraft being forced laterally and downward at 3-4 m s Ϫ1 by the upward moving mass of air. The displaced air was neutrally buoyant just below the tropopause, and after being displaced downward, has become positively buoyant. There exists an upper-tropospheric bulge in the cloudy air, indicating that cloudy air is forced outward while being decelerated. The maximum vertical velocity of the updraft is approximately 16 m s Ϫ1 (Fig. 15b) , and Fig. 16b shows that the LNB of this air mass is approximately z ϭ 13 km. Consequently, the net force on the upward-moving air above z ϭ 13 km will be downward. In fact, a small portion of this updraft has already reversed its direction at (x, z) ϭ (99, 16) km.
VOLUME 58 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S FIG. 17. Same as
At 1250 LST, the upward moving air of the main updraft has reversed due to over shooting its LNB, and a large downdraft exists (Fig. 15c) in the same region as the strong updraft at 1245 LST. This downdraft has a maximum value of approximately 11 m s Ϫ1 near the LNB of this air (z ϭ 13 km). The downward displaced air of Fig. 15b has now reversed direction forming two weak updrafts (approximately 4 m s Ϫ1 ), with the maximum value located at approximately z ϭ 15 km. Located laterally adjacent to these two weak updrafts are two downdrafts of equivalent strength and spatial scale.
At 1300 LST, the dominant motions observed during the evolution of the convective cells are no longer present. The convective cells now exist as a large mass of cloudy air with a pronounced anvil. This large mass begins to merge with adjacent masses of cloudy air while being advected by the easterly background flow.
During the development of the updraft, two separate modes of oscillation are evident. First, there is the very strong oscillatory motion of the updraft about its LNB (approximately z ϭ 13 km). This oscillation has approximate vertical orientation and has a vertical velocity amplitude of 10-15 m s Ϫ1 . Second, an oscillation occurs when stable air is displaced by the rising updraft at the tropopause. This displaced air oscillates about its original height (approximately z ϭ 15 km) with a vertical velocity amplitude of 4 m s Ϫ1 . This secondary oscillation is of a much smaller spatial scale than the main updraft and appears to be generating external wave modes of equivalent amplitude, which propagate horizontally away from the updraft. Furthermore, the main oscillation has generated a vertical velocity component directly above it in the stratosphere. This region of vertical velocity appears to be the source of stratospheric gravity waves.
Analysis of the gravity wave source
The previous section focused on the structure and evolution of the convection and the stratospheric wave field and showed that the individual convective cells generated waves. The present section seeks to answer the question: how do the convective cells generate waves? Answering this question is central to understanding how convection modifies its environment, and is a prerequisite to developing accurate and physically realistic parameterizations of convectively generated waves.
a. The source tensor
The following analysis is motivated by Lighthill's (1952) theory for the aerodynamic generation of sound and by Ford's (1994) adaptation of Lighthill's theory to inertia-gravity waves in rotating shallow water. In linear gravity wave theory, all nonlinear terms in the governing equations are neglected. This assumption is generally valid for small-amplitude waves far from their source but may not be satisfied close to their source. Indeed, as we shall see, these nonlinear terms can be interpreted as the source of linear motions, including gravity waves. In the remainder of this section, these ideas are applied to convective clouds, which are of course highly nonlinear systems.
We begin by separating the velocity components into a vertically varying background flow plus a (finite amplitude) perturbation,
and rewriting the governing equations with all nonlinear terms on the right-hand side. The resulting expressions are
Here, u, , and w are the perturbation velocity components in the three coordinate directions x, y, z, respectively. Note that these perturbations need not be small-amplitude. The variable b is the (dry) buoyancy defined as b ϭ g( Ϫ )/, where is the potential temperature and is its background profile. The variable N 2 is the Brunt-Väisälä frequency, defined as (g/)(d/dz), and ϭ p/,, where p is the perturbation pressure and is the background density. The term D t is the linear operator representing the material derivative following the background flow and is defined as D t ϭ ‫ץ‬ t ϩ U(z)‫ץ‬ x ϩ V(z)‫ץ‬ y . The term ḃ is the total rate of change of (dry) buoyancy due to diabatic processes. The variables F u , F , F w , and F b are written in flux form and physically represent the advection of the perturbation velocity and perturbation buoyancy by the perturbation wind fields. The term F B is simply the sum of diabatic and nonlinear buoyancy terms. The turbulence closure terms in the governing equations have been neglected for simplicity, since in all cases presented later, these terms are at least one order of magnitude smaller than the nonlinear forcing terms. Similarly, coriolis effects are small and have been neglected in the analysis.
The individual flux terms, which comprise the nonlinear right-hand side of Eqs. (1)- (4) (e.g., (u 2 ) x , (u) y , and (1/)(uw) z combine to form F u ), are all equally important. This is probably due to the isotropic nature of deep convection. However, when the convection is most intense, the terms that involve vertical velocity are generally larger in magnitude than those that do not. The one exception is the term (wb/g)N 2 from F b , which is approximately one order of magnitude smaller than the other terms that comprise F b .
The continuity equation is
where H s (z) ϭ Ϫ(‫ץ/ץ‬z) Ϫ1 is the density scale height. Combining Eqs. (1)- (5) gives a single, forced linear wave equation for w,
h Note that the homogeneous form of Eq. (6) (in the limit as H s → ϱ) is identical to Eq. (8) from Bretherton (1966) . The source function F can be concisely written by a simple change in notation. Let
Alternatively, the components of the tensor can be written in matrix form as
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We will call T ij the source tensor. It is second order, symmetric, and analogous to Lighthill's (1952) radiation tensor. Equations (6), (7), and (8) imply that the generation of linear motions, including gravity waves, can be associated with the source tensor. In general, the perturbation velocities and the buoyancy will be relatively large within a convective cloud, and consequently, the source tensor (and hence F) will be important within the cloud. However, away from convective clouds, the source tensor will be small, provided the waves remain small amplitude, in which case the forcing is negligible. Thus, the forcing will appear as a compact source confined to the convective clouds. However, it is important to bear in mind that the source function will force a range of linear circulations as well as gravity waves. The background flow is unidirectional in the model calculations. Consequently, the source function and source tensor reduce to (in Cartesian notation)
t u xz t yz
respectively. Equation (10) is used to determine the relative importance of shear, convective updrafts and diabatic heating in generating gravity waves. Note that F b and F B are calculated directly from the perturbation fields, whereas ḃ is defined as a residual.
b. Source analysis of the modeled convection
Experiment E3 is a high-resolution numerical integration that focuses on a particular deep convective cell. The convective cell chosen is the strongest wave radiator in the coarser-resolution experiments E1 and E2. A deep updraft is generated during the evolution of the cell and has the appearance of an unstable bubble of moist air (Figs. 15-17) . The updraft overshoots its LNB and subsequently decelerates. This particular updraft is crucial in the generation of the gravity waves observed in the calculations. Using the source function, we now analyze this convective cell using the data from Domain 3 in experiment E3.
The source function, F, can be used to identify the region in which the waves are generated. The value is calculated using second-order differences in time and space, and zonal cross sections through y ϭ 98 km at 1240, 1245, 1250, and 1300 LST are shown in Figs. 18a-d. Note that F is relatively noisy because its calculation requires fourth derivatives of model data. At 1240 LST (Fig. 18a) , the developing updraft has a distinct signature in F, with a maximum at a height of approximately 10 km. Once the updraft has overshot the LNB (Fig. 18b ) and the direction of the updraft has been reversed (Fig. 18c) , F is nonzero between heights of approximately 8 and 16 km (the tropopause). However, F is consistently largest in the region of 10 km Ͻ z Ͻ 13 km, which is the region of the LNB. Perhaps the most important point is that although the updraft reaches the tropopause and displaces the isentropes in the lower stratosphere (Figs. 16b and 16c) , the magnitude of F is a maximum well below the tropopause. After the oscillating updraft has dissipated, the dominant feature of F is another developing updraft (Fig. 18d) . Given that F has a consistent maximum at the LNB of the oscillating updraft, it is likely that this oscillation is the dominant wave producing mechanism. As shown later in section 5a, this idea is consistent with the structure of the waves generated.
The source function [Eq. (9)] can be used to determine the principal physical processes responsible for the gravity waves. The terms that comprise Eq. (9) are grouped according to the physical process they represent, that is, nonlinear advection, diabatic heating, and environmental wind shear. Whereupon, the source function is
These three terms will be referred to as F a , F h , and F s , respectively. A zonal cross section of these terms through y ϭ 98 km at 1245 LST is shown in Figs. 19a-c . Recall that at 1245 LST, the bulk of the updraft is still ascending even though it has overshot its LNB.
Consider the advective source term, F a , and the diabatic heating source term, F h (Figs. 19a and 19b) . At this time, the greater contribution to the total forcing (Fig. 18b) comes from the nonlinear advection, with the magnitude of F h being approximately one tenth of F a . Furthermore, F h is restricted to the middle troposphere, whereas the maximum of F a is in the upper troposphere. This is an important result, as the majority of previous studies dealing with convectively generated waves have assumed a priori that diabatic heating is the dominant wave-producing mechanism (see, e.g., Bretherton 1988; Lin et al. 1998; Chun and Baik 1998) . While the cloud ultimately owes its existence to diabatic heating, our results indicate that the production of buoyancy by diabatic heating may not be the main process generating the gravity waves in the numerical model. One needs to be cautious when making deductions about the relative importance of the forcing terms without explicitly solving the forced wave equation [Eq. (6) ]. Even though F h is much smaller in amplitude than F a , it has a more coherent structure and may be an efficient wave generator. Nonetheless, the relative size of F a strongly suggests that it cannot be neglected.
Consider now the contribution of the environmental wind shear terms, F s (Fig. 19c) , to the total source function. The contribution from shear is negligible in this case, with F s being at least an order of magnitude smaller than all other terms. Although F s is nonzero in Fig. 19c , the contour interval is one fifth of that used for Figs. 19a and 19b . While the convective updraft penetrates the shear layer, the contribution of this mechanism to the source function is negligible. Upon neglecting the effects of shear, the source tensor reduces to
The minor role played by the background wind shear in generating the waves is consistent with the fields in Figs. 7-9. In particular, the horizontal wavelength is the same in both the zonal and meridional cross sections even though there is a shear layer only in the background zonal wind. Nevertheless, it will be shown in the next section that the wind shear plays an important role in changing the propagation characteristics of the waves.
Stratospheric wave response to tropospheric oscillations
Section 4 examined the source of the gravity waves in the model. In particular, analysis of the source tensor suggested that the waves are probably generated as air parcels in the cloud updraft oscillate about their LNB. This is essentially the mechanism proposed by Pierce and Coroniti (1966) . In this section, we examine the response of the atmosphere to this kind of forcing, and we show that the wave field is consistent with the hypothesized forcing.
VOLUME 58 J O U R N A L O F T H E A T M O S P H E R I C S C I E
a. Refraction effects
In the case examined, the gravity waves propagate radially away from the source and therefore have no preferred direction of propagation. This suggests that vertical wind shear, which is only nonzero in the zonal direction, does not play a significant role in the generation of the gravity waves. The analysis of the source tensor has lent support to this. Also, as the wave fronts are circular, in the zonal plane through the wave source, the local meridional wavenumber l is zero, and therefore the analysis using the dispersion relation can be completed in two dimensions. Likewise, in the meridional plane through the source, the local zonal wavenumber k is zero. With these points in mind, the vertical wind shear is neglected in this section, and the two-dimensional dispersion relation is written as
where ␣ is the angle of phase lines from the vertical, k is the horizontal wavenumber, U is the background flow speed, c is the horizontal phase speed, and is the frequency of the wave in the chosen frame of reference. The parameters k and c are conserved along ray paths providing the background flow, U, is steady and horizontally homogeneous. Note that substituting l for k and V ϭ 0 for U into Eq. (12) yields the dispersion relation for the meridional direction. Let U LNB be the background zonal flow at the LNB, and consider a frame of reference translating at this speed. In this frame of reference, the convective updraft is vertical and stationary, and it oscillates with a frequency equal to the background static stability in the troposphere, N t . The tropospheric waves generated by the source will be evanescent, and consequently, their phase lines will be vertical (␣ ϭ 0). Hence, the real part of the vertical wavenumber m will be zero.
In the stratosphere, however, the dispersion relation is
where ϭ N t , Ũ ϭ U Ϫ U LNB is the flow in the stratosphere in the frame of reference moving with the LNB, and N s is the stratospheric Brunt-Väisälä frequency. This implies thatÑ
The minus sign represents waves propagating to east, and the plus sign represents waves propagating to the west. In the case of zero LNB relative flow (Ũ ϭ 0), Eq. (13) reduces to
Using a two-dimensional numerical model, Fovell et al. (1992) examined the generation of gravity waves by a squall line. They concluded that the individual cells that comprise the squall line were responsible for generating the waves, and they discussed the dynamical process in terms of a horizontally propagating mechanical oscillator. Fovell et al. (1992) related the frequency of the oscillator to the lifetime of the individual convective cells. In all other respects, their analysis is very similar to that described above, the principle differences being that ours is performed in the frame of reference moving with the wind at the LNB, and that the frequency of the oscillation in this frame of reference is set by the tropospheric Brunt-Väisälä frequency. Performing the analysis in the frame of reference of the LNB exposes most clearly the simple process responsible for the pattern of gravity waves produced in the stratosphere by the model. The increased stratification above the tropopause refracts the waves, tilting phase lines away from the source, while the flow relative to the LNB refracts the phase lines in the direction of the background flow.
Equations (13) and (14) can be used to predict the slope in the stratosphere of the lines of constant phase. In the model calculations, the LNB lies between 10 and 14 km, depending on the level from which an air parcel is lifted. This is below the shear layer, and the velocity at the LNB is equal to (Ϫ5, 0) m s Ϫ1 . Above the shear layer the velocity is equal to (Ϫ10, 0) m s Ϫ1 . The uppertropospheric Brunt-Väisälä frequency, N t , is equal to 0.007 s Ϫ1 , and the stratospheric Brunt-Väisälä frequency, N s , is equal to 0.028 s Ϫ1 . Note that N t and N s correspond to periods of 15.0 min and 3.7 min, respectively. In the absence of rotation, the meridional direction can be treated independently of the zonal direction. As there is no background flow in the meridional direction, the slope of the phase lines in a meridional cross section is given by Eq. (14). In the zonal direction, Eq. (13) describes the slope of the phase lines in the stratosphere. The two branches represent upstream propagating waves (negative branch) and downstream propagating waves (positive branch). Figure 20 shows ␣ as a function of wavelength. In the absence of LNB relative flow, the gravity wave pattern is symmetric about the source, and the angle at which the phase lines slope is independent of wavelength. In the case of nonzero LNB relative flow, the phase lines are rotated in the direction of the flow by an angle that is dependent on the horizontal wavelength of the waves.
Dark lines parallel to the lines of constant phase in the stratosphere are marked in Figs. 9a and 9b . In the case with nonzero LNB relative flow (Fig. 9a) , the angle from the vertical of the upstream oriented phase lines is 71Њ Ϯ 1Њ, and the angle of downstream oriented phase lines is 81Њ Ϯ 1Њ. In the case of zero LNB relative flow (Fig. 9b) , the waves are symmetric about the source, and the phase lines make an angle of 76Њ Ϯ 1Њ to the vertical. These angles compare very well to the solutions of Eqs. (13) and (14). The angle of the phase lines for zero LNB relative flow is within the uncertainty of measurement. For the case with nonzero LNB relative flow, the gravity waves generated by the model are rotated by 5Њ in the direction of the relative flow. According to Fig. 20 , a rotation of 5Њ corresponds to a horizontal wavelength of approximately 15 km. Given that the spectral peak in the horizontal wavelength is at ap- proximately 17 km, the theoretically predicted properties of the waves agree well with those of the modeled waves. Such close agreement lends strong support to the hypothesis that the gravity wave source is a vertically oriented oscillator moving at the velocity of the wind at the LNB. Although a spectrum of waves will be generated, the above argument describes the dominant waves.
The phase speed of the gravity waves as seen in the frame of reference of the LNB is c ϭ ϮN t /k in the zonal direction or c ϭ ϮN t /l in the meridional direction. Using N t ϭ 0.007 s Ϫ1 and k, l ϭ 2/17 km Ϫ1 , the phase speed relative to the LNB is 18.9 m s Ϫ1 . The ground-based phase speed is equal to c ϭ U LNB Ϯ N t /k, where the plus sign is for waves propagating in the positive x direction (east), and the minus sign is for waves propagating in the negative x direction (west). It follows that the upstream propagating waves have a ground-based phase speed of 13.9 m s Ϫ1 , and the downstream propagating waves have a ground-based phase speed of 23.9 m s Ϫ1 . Moreover, the ground-based frequencies of the upstream and downstream propagating waves are 5.14 ϫ 10 Ϫ3 s Ϫ1 and 8.83 ϫ 10 Ϫ3 s Ϫ1 , respectively. These frequencies correspond to periods of 20.3 minutes and 11.9 minutes respectively. Of course, in the meridional direction, the ground-based and LNB reference frames are identical, and therefore, the phase speed and frequency remain unchanged.
In the cloud cluster considered here, there are a number of convective clouds with different cloud-top heights. The depth of each cloud, and hence the height of its LNB, depends on a number of factors, including entrainment, intensity, and the initial local forcing. The depth of the convection is essentially irrelevant here because the Brunt-Väisälä frequency and the background wind velocity are constant in the troposphere. Therefore, N t and U LNB are the same for each cloud, and thus, each cloud contributes to the same part of the ground-based frequency spectrum. However, in an atmosphere with tropospheric wind shear, clouds with different depths would possess different values of U LNB , and each cloud would generate waves with different ground-based frequencies. This would broaden the ground-based frequency spectrum. The effect of tropospheric shear on the gravity wave generation will be considered in a future study.
The momentum flux comprises contributions from upstream propagating waves (positive) and downstream propagating waves (negative). The momentum flux for each branch varies like A u A w , where A u and A w are the amplitudes of the perturbation horizontal and vertical velocity, respectively. The size of A u and A w changes with the angle of the phase lines. (This is discussed in more detail below.) Therefore, even though shear does not appear to be generating the dominant waves, it changes the slope of upstream and downstream propagating waves. Consequently, the shear produces a zonal asymmetry in the waves and, hence, a nonzero (zonal) momentum flux. However, the downstream propagating waves still make a contribution to the (zonal) momentum flux, although it is smaller than the contribution of the upstream propagating waves. Figure 13a shows that the downstream propagating waves reduce the magnitude of the momentum flux in the lower stratosphere.
Often the wave signatures in vertical velocity or potential temperature are used to analyze gravity waves.
Consider Figs. 9a and 9d. In these figures, the upstream propagating waves appear to dominate the wave field. However, upstream propagating waves are not preferentially excited. As shown earlier, a shear layer refracts the gravity waves. This refraction affects the signature of the waves in vertical velocity, potential temperature, and perturbation horizontal velocity. Using continuity, it can be shown that (in two dimensions) the amplitudes of the horizontal velocity perturbations, A u , and the vertical velocity, A w , are related by the expression
u w k It follows that when the phase lines of gravity waves tilt to the horizontal (vertical), A u increases (decreases) with respect to A w . However, A w is not conserved following packet trajectories. 3 The wave action, Ã , [first defined by Bretherton (1966) ] is conserved along packet trajectories and (in two dimensions) is defined as
where E 0 is the wave energy per unit volume defined by 
N
where Ã depends only on and k [see Bretherton (1966) for details]. It is also possible to show that if the background flow is steady and horizontally uniform, then the wave frequency () and horizontal wavenumber (k) are conserved following packet trajectories. Note also that
Thus in the stratosphere (where k, N, and are all constant), the amplitude of the vertical velocity signature will decrease as the magnitude of the vertical wavenumber increases (i.e., as the phase lines are refracted to the horizontal). Therefore, even though the wave action remains constant, a refraction of the phase lines to the horizontal (vertical) will reduce (increase) the vertical velocity signature. Therefore, without taking into account these changes in wave signature due to wave refraction, analyses may be biased toward upstream propagating waves.
b. Horizontal wavelength selection
In the previous section, it was shown that the tropospheric gravity waves satisfy the assumptions that ϭ N t in the frame of reference of the LNB and that m ϭ 0. However, under these conditions, the dispersion relation is automatically satisfied for all horizontal wavelengths. This prompts the following question: what determines the horizontal wavelength? The analysis assumes that the frequency, vertical wavenumber, and horizontal wavenumber are all real, which is true for a freely oscillating wave mode with infinite spatial extent. However, the convective updraft, which generates the waves, is damped and has limited spatial extent. In this section, the convective updraft is described as a spatially evanescent damped oscillation, and a simple analysis of the dispersion relation is used to explain how the horizontal wavelength is selected.
Rearranging the dispersion relation [Eq. (12) ] for the troposphere, the horizontal wavenumber can be written as a function of the frequency and vertical wavenumber Hence, the vertical velocity can be written as
The horizontal, vertical, and temporal e-folding scales over which the convective updraft decays are 1/k I , 1/m I , and 1/ I , respectively. Physically, 1/k I is determined by the width of the convective updraft, 1/m I is related to the distance air parcels overshoot their LNB, while 1/ I is presumably related to the turbulent mixing. Of course, the convective system will produce mesoscale variations in the background flow, which will affect the trapping and propagation characteristics of the gravity waves. Such effects are difficult to quantify. From Fig. 15b , the e-folding decay scale in the vertical is estimated to be approximately 4 km, whereupon k can be calculated as a function of I using Eq. (16). The horizontal wavelength, 2/k R , and the horizontal e-folding scale, 1/k I , are plotted as a function of I in Fig. 21a . Similarly, the horizontal wavelength can be considered as a function of the e-folding horizontal scale; this is plotted in Fig. 21b . If the convective updraft can be described as a spatially evanescent damped oscillator, then Eq. (16) predicts a single (real) horizontal wavelength, explaining why the stratospheric wave field is almost monochromatic. This mode ''leaks'' from the VOLUME 58 troposphere into the stratosphere where it propagates vertically.
In the model calculations, the dominant horizontal wavelength in the stratosphere is approximately 17 km. Assuming that the e-folding decay scale in the vertical is 4 km, Fig. 21 shows that the updraft must have horizontal and temporal e-folding decay scales of approximately 3.3 km and 16 min, respectively. These values are consistent with those found in the model solution.
Summary and conclusions
Convective clouds are known to generate gravity waves. These waves are thought to be important in shaping the mean flow in the middle atmosphere and in modifying the environment of the cloud. The central aim of the present paper has been to clarify how clouds generate such waves.
In this study, a high-resolution numerical model has been used to simulate the evolution and structure of a convective cloud cluster over the Tiwi Islands, and the gravity waves generated by the cluster have been examined in detail. Three numerical runs were presented. The principal differences between each run was the horizontal resolution, which was 2, 1, or 0.5 km. Each run was initialized with an idealization of a particular radiosonde sounding taken over the Tiwi Islands during MCTEX. Island thunderstorms, such as these, are triggered by sea-breeze convergence, and because of their regularity and simple forcing mechanism, they are ideal for studying convectively generated waves.
In the model runs, a cluster of deep convective clouds developed over the western half of the Tiwi Islands. These clouds merged to form a north-south line approximately 40 km long moving westward with the background flow. A number of large convective cells developed in each model run, although in the calculation with coarsest resolution, smaller-scale convective structures were not well resolved. The position of the convective cells was also sensitive to spatial resolution.
As the convection evolved, gravity waves formed part of the numerical solution in both the troposphere and stratosphere. However, the largest amplitude gravity waves developed when the convection deepened and reached the upper troposphere. The gravity wave source was highly localized and highly variable in both space and time. The position of the source was directly related to the position of developing convective cells. The amplitude of the gravity waves in the stratosphere was small. For example, the vertical velocity fluctuations were about 0.3 m s Ϫ1 . The waves were remarkably monochromatic and had a horizontal wavelength of about 17 km. This wavelength was shown to be set by the width of the convective updraft, the degree of turbulent mixing, and the distance by which rising air parcels overshot their LNB.
The stratospheric momentum flux associated with the vertically propagating waves was greatest shortly after the convective clouds reached the upper troposphere. The waves and their source were highly transient, producing pulses of momentum flux in the stratosphere. Consequently, the momentum flux was sensitive to the area over which it was averaged.
The source tensor and source function were introduced for the anelastic equations of motion with arbitrary background shear but no background rotation. The source function was used to clarify the source of the gravity waves generated by the modeled convection. Although there was some uncertainty in the conclusions, the results were consistent with the hypothesis that the oscillation of the convective updrafts about their LNB was the dominant mechanism forcing the gravity waves.
Although the production of buoyancy by latent heating is central to the development of convective clouds, it has been shown that in our model, it is not the dominant term forcing the linear wave equation. Rather, non-L A N E E T A L . linear advection was the dominant term in the source function. This suggests that diabatic heating may not be the primary mechanism forcing the gravity waves. In contrast, most previous work on convectively generated gravity waves has assumed, a priori, that the transient diabatic heating generates the waves (e.g., Bretherton 1988; Lin et al. 1998; Chun and Baik 1998) .
Shear was also found to be unimportant in generating gravity waves in our model runs. In particular, the gravity waves showed no preferential direction of propagation, with the dominant horizontal wavelength being the same in all directions from the source. We note that if the waves were generated by the so-called obstacle effect (e.g., Clark et al. 1986 ) or a moving mountain effect (e.g., Pfister et al. 1993) , upstream propagating gravity waves would have been dominant, and the shear terms in the source tensor would have been important contributors.
It has been shown that treating the wave source as a vertically oriented oscillator moving with the LNB is consistent with the slope of the phase lines in the stratosphere. In the frame of reference moving with wind at the LNB, the frequency of the gravity waves was equal to the Brunt-Väisälä frequency in the troposphere. It was also shown that although shear does not generate the waves, it refracts the phase lines in the direction of the flow relative to the LNB. This refraction creates an asymmetry between the upstream and downstream propagating waves, thereby producing a nonzero momentum flux. The refraction also reduces the wave signature in the vertical velocity of the downstream propagating waves, thereby giving the appearance that upstream waves dominate the stratospheric wave field. Despite this, the downstream propagating waves make an important contribution to the momentum flux in the lower stratosphere.
The results of this paper emphasize that convective clouds generate gravity waves when the convective updraft rapidly decelerates. With this in mind, one might ask the following: how does the role of shear change if a shear layer is centered on the LNB? Collocating the tropopause and the LNB might represent one such case of maximizing shear and buoyancy effects. The analysis presented can also be used to better understand how squall lines, boundary layer thermals, or jet streaks excite gravity waves. These are topics of current and planned research.
